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Abstract. The challenge of using satellite observations to re-sensors with nadir views of 4 4 km or coarser. Large dif-
trieve aerosol properties in a cloudy environment is to pre-ferences in the results of the two cloud masks designed for
vent contamination of the aerosol signal from clouds, while MODIS aerosol and GOES cloud products strongly reinforce
maintaining sufficient aerosol product yield to satisfy spe-that cloud masks must be developed with specific purposes
cific applications. We investigate aerosol retrieval availabil-in mind and that a generic cloud mask applied to an indepen-
ity at different instrument pixel resolutions using the standarddent aerosol retrieval will likely fail.

MODIS aerosol cloud mask applied to MODIS data and sup-
plemented with a new GOES-R cloud mask applied to GOES

data for a domain covering North America and surround-

ing oceans. Aerosol product availability is not the same asl  Introduction

the cloud free fraction and takes into account the techniques

used in the MODIS algorithm to avoid clouds, reduce noiseAtmospheric aerosols are important short-lived climate forc-
and maintain sufficient numbers of aerosol retrievals. The indNg agents in Earth's atmosphere. These small suspended
herent spatial resolution of each instrumens,00.5km for ~ liquid and solid particles play a role in Earth’s energy bal-
MODIS and 1x 1 km for GOES, is systematically degraded ance by directly affecting the distribution of incoming sun-
to 1x 1, 2x 2, 1x 4, 4x 4 and 8x 8 km resolutions and then light and by indirectly changing clouds and weather pat-
analyzed as to how that degradation would affect the availt€MS that in turn alter climate. However, unlike greenhouse
ability of an aerosol retrieval, assuming an aerosol producases, aerosols are highly variable and transitive, creating un-
resolution at 8< 8 km. The analysis is repeated, Separate|y,certainty in estimating their effect on climate (Kaufman et
for near-nadir pixels and those at larger view angles to inves@l-» 2002). Aerosol forcing, either by direct or indirect path-
tigate the effect of pixel growth at oblique angles on aerosolWays, remains one of the largest uncertainties in the climate
retrieval availability. The results show that as nominal pixel System (IPCC, 2007) which must be reduced in order to es-
size increases, availability decreases until at®km 70 % timate the magnitude of climate change with sufficient con-
to 85 % of the retrievals available at 0.5 km, nadir, have beerfidence. In addition, small aerosol particles can be inhaled
lost. The effect at oblique angles is to further decrease availlnto the lungs, creating adverse health effects (Krewski et

ability over land but increase availability over ocean, because?l-» 2000; Samet et al., 2000; Pope et al., 2002). Particulate
sun glint is found at near-nadir view angles. Finer resolu-matter, another term for aerosols, is one of the harmful pollu-

tion sensors (i.e., & 1, 2x 2 or even Ix 4 km) will retrieve ~ tants monitored by the US Environmental Protection Agency

aerosols in partly cloudy scenes significantly more often tharS Part of the national standards for air quality (EPA, 2007).
Again, the transitory nature of aerosols creates difficulties for
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1824 L. A. Remer et al.: Retrieving aerosol in a cloudy environment

agencies and communities in mitigating and warning popu-cally depends on the cloud mask criteria and the instrument’s
lations of potential dangers (Al-Saadi et al., 2005). pixel resolution.

Both climate and air quality applications require contin- Here, we explore the availability of an aerosol retrieval in
ual monitoring of aerosol loading over broad geographicala cloudy environment.Availability is defined as the number
regions. For climate, a global perspective is needed (Kaufof product boxes available for aerosol retrieval divided by
man et al., 2002; Remer et al., 2009). For air quality, even ifthe total number of boxes in the region or time period of in-
interest is more regional, there is need for a more completderest. A product box contains one aerosol retrieval, and the
coverage and higher density of spatial sampling than a netsize of the product box may be larger than the inherent pixel
work of ground-based in situ monitoring stations can providesize of the instrument. First, we demonstrate the concept that
(Chu et al., 2003; Prados et al., 2007; Gupta and Christodifferent cloud masks are defined for different purposes. Sec-
pher, 2009). Both these applications are increasingly relyingond, we provide details of the MODerate resolution Imag-
on satellite retrievals of aerosol information to provide the ing Spectroradiometer (MODIS) aerosol cloud mask and a
observational constraints on models, offer new insights onsecond cloud mask developed for the Geostationary Opera-
aerosol distributions, and provide day-to-day coverage andional Environmental Satellite-R (GOES-R) data, and explain
accumulated statistics of aerosol properties (Stier et al., 2005he different purposes of the two cloud masks. Third, using
Yu et al., 2006; van Donkelaar et al., 2006, 2011). Satelliteshe MODIS cloud mask, we examine the availability of an
make a unique contribution to climate and air quality studiesaerosol retrieval over North America and surrounding oceans
by providing the global coverage needed for climate applica-under varying pixel spatial resolutions, and investigate possi-
tions and the density of coverage needed by the air qualityble differences between near-nadir views and oblique angles.
community. We supplement the MODIS analysis by applying a similar

Aerosol properties can be derived from space-based obprocedure to one day of the GOES-R cloud mask to explore
servations with well-defined uncertainties, and used successhe possibility of a geosynchronous satellite to resolve day-
fully in a wide array of applications (Remer et al., 2005; time variations of aerosols at different sensor pixel resolu-
Kahn et al., 2010; Torres et al., 2007; Taret al., 2011). tions. In the end we discuss the implications of these results
However, making aerosol retrievals on an operational bato currently proposed satellite missions.
sis is difficult, and making aerosol retrievals in cloudy en-
vironments is especially difficult (Zhang et al., 2005; Wen
et al., 2006; Marshak et al., 2008). Aerosol retrievals in a2 MODIS and GOES
cloudy environment require that a “cloud mask” be devel-
oped that separates cloudy from cloud-free scenes (Martinghe twin MODerate resolution Imaging Spectroradiometers
et al., 2002). Traditionally aerosol has only been derived in(MODIS) were launched aboard NASAs Terra and Aqua
cloud-free scenes, although efforts are underway to derivepolar orbiting satellites in December 1999 and May 2002,
aerosol above clouds using certain sensors (Jethva and Torespectively. MODIS has 36 channels spanning the spectral
res, 2011; Waquet et al., 2009, 2010). Separating clouds andange from 0.41 to 15 um, and representing three spatial res-
aerosols is inherently difficult because there exists no clearlylutions: 250m (2 channels), 500 m (5 channels), and 1 km
defined separation between the two in any variable. This is ari29 channels). The aerosol retrieval makes use of eight of
issue of measurement systems, but also an inherent physictliese channels (0.41-2.13 um) to retrieve aerosol character-
continuum between aerosol particles, wet aerosol particlesstics, and uses additional wavelengths in other parts of the
activated cloud droplets and dissipated cloud fragments (Kospectrum to identify clouds and river sediments. No aerosol
ren et al., 2007; Charlson et al., 2007). Remote sensing algaetrievals will be analyzed in this study, only the cloud mask
rithms employ complicated schemes, using many variableproduced by the MODIS aerosol algorithm. MODIS scans
(Ackerman et al., 1998; Frey et al., 2008), to make this sep-cross track, observing each target at only one angle per orbit.
aration as best they can, but no “cloud mask” is perfect. TheSwath width is 2330 km, which provides at least one view of
reality is that different cloud masks are produced for differentalmost every target on the Earth each day, and multiple daily
purposes. views of high latitude locations.

A cloud mask designed for an aerosol retrieval, ideally, The Geostationary Operational Environmental Satellite
must exclude all cloud and cloud remnants from a pixel des{GOES) is in a much higher orbit than the polar-orbiting
ignated as “cloud-free”. On the other hand, extreme restric-Terra and Aqua satellites. The GOES orbit fixes its location
tion that avoids any cloud contamination would prevent ain reference to a specific spot on the Earth, and is thus geo-
sufficient number of aerosol retrievals from being made forstationary. The imager aboard GOES measures in 5 chan-
a specific application. Thus, there is a tradeoff between pernels from 0.66 um to 12 um, with the spectral response of
fect protection of the aerosol product aanhilability of that ~ each channel broader than those corresponding channels on
product, as some pixels must be designated “cloud-free” ilMODIS. The visible channel spatial resolution is 1 km and
order for an aerosol product to be obtained. The degree of théhe four infrared channels are measured at 4 or 8 km spa-
accuracy and availability of retrieved aerosol products criti-tial resolution. The full Earth disk, spanning 180 degrees
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longitude and the same latitude, is scanned in 26 min or less
Scans of just North America or the continental United States
are much faster. GOES produces an aerosol product (Pradc
etal., 2007), but these will not be analyzed in this study. Only,
the cloud mask developed for GOES-R, which has not ye

R SiR RiS

been launched, will be applied to GOES data and used in thi aerosol cloudy  |input

study. This cloud mask is described in the next section.

3 Cloud masks cloud maskl for cloud S = Save
surface retrieval identifier R = Reject

The term “cloud mask” is a common term used by the satel-
lite remote sensing community, but it has three separate cor
notations depending on its intended purpose. There are clou
masks developed to identify clouds, those to protect a re-

trieval of surface prop_ertles and, flnally_, tho_se designed toFig. 1. Schematic illustrating thresholds of input used to differen-
protect an aerosol retrieval. All of them identify clouds, but jjate clear from cloudy for different purposes. For the purpose of
each makes decisions in how to define a cloud or cloud-free surface retrieval, only the clearest pixels are saved. For the pur-

scene that best suits the ultimate goal of the remote sensingose of a cloud identifier, only the cloudiest pixels are saved. For
algorithm. the purpose of an aerosol retrieval, a mid-range threshold must be
For example, a cloud mask that selects pixels for retrievaldetermined.
of cloud properties is going to select the cases best suited for
a retrieval of cloud properties. Marginal cloud edges, cloud
fragments and pixels that are not overcast will be designatedPwer left panel, is much choosier, selecting many fewer pix-
“cloud free” by this type of cloud mask. On the other hand, €ls for a cloud retrieval than was designated “cloudy” by the
a cloud mask whose purpose is to select cloud free pixels fofirst cloud mask. The lower left panel is an example of the
retrievals of surface properties will take the entirely opposite“cloud identifier” of Fig. 1. The aerosol cloud mask (Martins
approach. Those pixels containing marginal cloud edges an@t al., 2002) used to make an aerosol retrieval is also dif-
fragments designated by the first cloud mask as “cloud free’ferent than the first cloud mask. In the upper left corner of
will be assigned “cloudy” in the surface retrieval algorithm. the image, the aerosol cloud mask avoids some of the pixels
In addition, the surface retrieval algorithm will also not take a that the first cloud mask designated as “cloud free”, and yet
chance when the scene is obscured by aerosol. If the scenefigds holes in the cloud field on the left side of the image to
obscured by either cloud or by heavy aerosol, the pixel will perform an aerosol retrieval. It also designates the area cov-
be designated “cloudy”. Clearly, both cloud masks are notered by dust as “clear” to allow aerosol retrieval, in contrast
suitable for aerosol retrieval, as the first one will introduce With the standard cloud mask. The aerosol cloud mask is not
significant cloud contamination in aerosol products and thecreated simply by drawing the threshold between the other
second one will prevent retrieving heavy aerosol loadingstwo cloud masks, as is suggested by the one-dimensional
Therefore, an aerosol algorithm has to be designed that elimschematic in Fig. 1. There are several variables under con-
inates marginal cloud situations and still designates the heav§ideration, and the result is a cloud mask that is both more
aerosol events as “cloud free”. Figure 1 illustrates the posi-and less conservative than the mask designed for surface re-
tioning of potential thresholds along a gradient of satellite- trieval. Note also that the aerosol cloud mask is not the simple
measured inputg repregenting the deep blue ocean Surfa(ij@/erse of the cloud identifier for the cloud optical thickness
overlaid by a gradual increase of aerosol and then cloud partéetrieval.
ticles. The main point is that a cloud mask must be designed with
Figure 2 shows an example of three different cloud masks? specific retrieval in mind. A one-size-fits-all cloud mask
applied to the same MODIS image in a situation where heavywill not succeed.
aerosol coincides with a cloud field. These cloud masks are
listed in Table 1. The standard cloud mask (Ackerman et
al., 1998; Frey et al., 2008) applied to the image and shownt MODIS and GOES-R cloud masks
in the upper right panel does not attempt the retrieval of
heavy dust aerosols overlaying the cumulus field. It desig-n this study we use two different pixel selection processes.
nates almost the entire left third of the image as “cloudy”. The first is the MODIS aerosol cloud mask (Martins et
This cloud mask corresponds to the “cloud mask for sur-al., 2002) and data selection process (Remer et al., 2005).
face retrieval” of Fig. 1. Meanwhile the algorithm producing The second is the GOES-R Algorithm Working Group Cloud
cloud optical thickness (Platnick et al., 2003), shown in theMask (ACM) (Heidinger and Straka, 2010).

cloud mask for
aerosol retrieval
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1826 L. A. Remer et al.: Retrieving aerosol in a cloudy environment

ued. The procedure is repeated until all pixels in the image
have been tested. Figure 3 illustrates this technique. The ad-
vancing 3x 3 window will overestimate cloudiness to some
degree, because if the cloudy pixel in the Fig. 3 example is
pixel 5, the spatial variability test will also mask out pixels
1, 2, 6,9 and 10, and the contiguous pixels to the left if this
did not represent the edge of the scan. The goal is to be suffi-
ciently conservative to remove some of the pixels contiguous
to the actual cloudy pixel.

In the MODIS over ocean retrieval, the spatial variability
test is applied using reflectance at 0.66 um to avoid ocean
color variability. In the over land retrieval, the algorithm ap-
plies the spatial variability test to the 0.47 um channel be-
cause the land is darker at this wavelength. The algorithms
also apply a similar spatial variability test to the 1.38 um
. . _ channel using 1km pixels, because this channel is particu-
(Fu'gp ir -Il—ggtr)atm(e)5CI)|SO:‘Triggefrg?qh]éi:\?yOJ:JZSSzp)fsal)(;iﬁglgvzll?c’[)ngngt larly sensitive to thin cirrus. Over ocean, additional tests us-

) . : “ing absolute reflectance at 1.38 um and the ratio of the re-
lantic from northern Africa. (Upper right) standard MODIS cloud flectances of the 1.38 and 1.24 um channels attempt to re-

mask (MOD35) with white areas identified as cloudy, gray as sun . .
glint, red as probably cloudy, blue probably clear and green as cleaflove further effects of thin cirrus (Gao et al., 2002). Finally,

(Lower left) MODIS cloud optical thickness product (MODO6), and there are three cloud mask tests using the longwave chan-
(lower right) MODIS aerosol cloud mask (MODO04) with white des- Nels at 1 km that are adapted from the standard MODIS cloud

ignating cloudy and blue, cloud-free. This panel shows only themask (MOD/MYD35). These are the infrared thin cirrus test
cloud mask, not the pixels chosen for aerosol retrieval. Aerosol re{Bit 11), the 6.7 um test for high cloud (Bit 15) and the split
trievals are not made in the sun glint region. The red oval identifieswindow test (Bit 18) (Ackerman et al., 2010). All of these
a region where the aerosol cloud mask finds more clouds than thgests must return a “cloud free” designation for the 0.5km
standard cloud mask. The red arrow identifies an area that neithegixe| to be further considered for an aerosol retrieval. In the
the cloud retrieval nor th_e aerosol rgtrleval chooses to use to derive s oo of 3 test applied to 1 km reflectances, a “cloudy” des-
cloud or aerosol properties, respectively. ignation at 1 km will be passed to all 4 of the 0.5 km pixels

affected. The binary, “cloudy”/“cloud free”, designations at

0.5km are reported in the MODIS Collection 6 product as
4.1 MODIS aerosol cloud mask AerosolCldmaskLand Ocean.

Creation of the nominal 0.5 km binary “cloudy/cloud free”

The purpose of the MODIS aerosol cloud mask is to protectmask is the first step in choosing pixels from which to de-
the products of the MODIS aerosol retrieval algorithm from rive aerosol products. The next step continues the deselec-
cloud effects while maintaining adequate product availabil-tion process. The 0.5 km pixels are now grouped into retrieval
ity at all levels of aerosol loading. The cloud mask must beboxes of 20x 20 pixels to generate a 2010 km product at
able to separate heavy aerosol events from clouds. The baradir, 40x 40 km at swath edges. Figure 4 illustrates two hy-
sis of the retrieval is spatial variability. Sets ok3 0.5 km pothetical retrieval boxes, one over ocean and one over land.
resolution reflectance values are examined and standard d&he over ocean example is straightforward. White boxes are
viation is calculated from the 9 pixels. Throughout this work pixels identified as “cloudy” by the tests described above. In
pixel resolution is a nominal value, defined at nadir. Pixels ina situation with sun glint, those pixels within 46f specular
the MODIS image actually increase in size as view angle in-reflection are also discarded. In this box of 400 pixels, 225
creases and the view becomes more oblique. A 0.5 km pixepixels have been identified as “cloudy”, leaving 175 “cloud
at nadir will increase in area by a factor of 4 to become a 2 kmfree” pixels of various shades of blue. Now the brightest 25 %
pixel at swath edge. The spatial resolution test described herand darkest 25 % of the “cloud free” blue pixels are arbi-
uses sets of 83 pixels, which are composed of 0.5 km pixels trarily discarded, leaving 87 pixels representative of the re-
at nadir and 2 km pixels at the edges. If the standard deviatiorflectance over the ocean in this box. The average reflectance
of the reflectance of the 9 pixels, no matter their actual sizejn each channel is calculated from these remaining 87 pix-
exceeds a designated value, at least one of the pixels musls, which are then used to make the aerosol retrieval. Over
be cloudy. The single, nominal 0.5 km pixel in the center island, not only are cloudy pixels discarded, but also inland
designated “cloudy” and the window ofx33 pixels moves  water, snow and bright land surfaces. In this case, the algo-
one column over to the right. The standard deviation test isrithm arbitrarily discards the brightest 50 % and the darkest
repeated along the entire span of the image, then advanced 80 % of all pixels escaping the masking tests. In the exam-
one 0.5 km pixel in the along track image (down) and contin-ple of Fig. 4, 44 pixels remain after masking and deselecting
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clear results were used to compute GOES-R aerosol avail-
ability values shown later.

The thresholds for the ACM tests were computed using 4
months of collocated CALIPSO/CALIOP and MSG/SEVIRI
data. The thresholds were set so that the false alarm rates
from each test were under 2%. A false alarm is when a

1|2 3
5 7

9 (10| 11 |12

500 m {_13 14 Il5 16 13 |14 |15 (16 pixel is identified as a cloud, but is not. The overall goal
of the ACM was to minimize false alarm rates at the risk
500 m of increased rates of missing clouds. The guidance from

Fig. 3. lllustration of MODIS aerosol cloud mask spatial variabil- other Aerosol Worklng.Group team. mer.n.berts was tha_t they
ity test. The algorithm identifies a set 0h&3 0.5 km pixels and preferred to add additional cloud identification techniques

calculates standard deviation of the reflectance of those 9 pixels. [father than implement techniques to detect the presence of
the standard deviation exceeds a designated value, the center pixtdIS€ clouds. This process is described in Heidinger and
(pixel 6) is designated “cloudy” (denoted by shaded red in the fig- Straka (2010). More description of these individual tests
ure). Then the algorithm moves one column to the right and testsind the processing using CALIPSO/CALIOP to determine
the next set of X 3 pixels to determine if pixel 7 is “cloudy”. thresholds is given by Heidinger et al. (2012).
In this paper, the ACM is applied to GOES data where the

IR channels have a resolution of 4 km and the visible channel
the brightest and darkest pixels. The arbitrary discarding ofhas a resolution of 1 km. For the 1km results, the IR chan-
bright and dark pixels removes residual cloud and surfacenels were oversampled to match the resolution of the visible
features and cloud shadows that are not otherwise addresseghannel. The GOES data allowed for operation of 12 out of
The ocean algorithm requires a minimum of 10 remainingthe 15 ACM cloud tests. The GOES-R cloud mask is used
pixels to make a retrieval for a 2010 km aerosol product. in this study only to supplement the bulk of the work that is
The land algorithm requires 12. dependent on the MODIS aerosol cloud mask.

Figure 4 also illustrates the point that the nominal instru-

ment pixel resolution (0.5 km) is not necessarily the same as
the aerosol product resolution (10 km), and that product res-
olution boxes do not need to be entirely cloud free in order to® Aerosol product availability from sensors with
retrieve an uncontaminated aerosol product. Creating a prod-  different instrument resolution
uct resolution coarser than the resolution of the input pixel
reflectance allows much discretion in selecting pixels for re-5.1 Methodology and data
trieval while maintaining high levels of product availability.

The MODIS aerosol cloud mask identifies clouds & 0
4.2 GOES-R cloud mask 0.5 km resolution, but retrieves aerosol at>3Q0 km reso-

lution. Because of the relative fine resolution of the sensor’s
The GOES-R Algorithm Working Group Cloud Mask pixel size, aerosols can be derived even in partly cloudy sit-
(ACM) is a cloud identification algorithm as defined in uations when there are clouds within the 10 km retrieval box
Fig. 1. It was developed for the Advanced Baseline Imager(Fig. 4). If the MODIS sensor spatial resolution were de-
(ABI) that will fly on GOES-R, which will provide 16 spec- graded to 5< 5km in the above ocean example, no retrieval
tral observations with a spatial resolution of 2 km for the IR could be made because there is ne 5km area within the
channels and 0.5 km for the visible (0.65 micron) channel.10 km box that is cloud-free.
The ACM uses 15 tests to detect the presence of cloud. Of In this section we use the MODIS aerosol cloud mask de-
these 15 tests, 11 use IR channels and 4 use solar reflectandeed from Terra-MODIS Level 1-B reflectances to investi-
channels. Four of the ACM tests exploit spatial heterogenegate the consequences to aerosol retrieval availability as sen-
ity to detect cloud and two exploit temporal information. The sor pixel size degrades fromB8k 0.5kmto 1x 1, 2x 2, 1x 4,
ACM returns 4 levels of cloudiness (clear, probably-clear,4 x 4 and 8x 8 km. These resolution sizes are nominal at
probably-cloudy and cloudy). Any positive test for cloud re- nadir and will stretch as view angle increases until they be-
sults in a cloudy classification. Cloud pixels that border acome 4 times the nadir size at swath edge. This is the actual
non-cloudy pixel are reclassified as probably-cloudy. Clearoperational aerosol cloud mask derived from MODIS data
pixels that fail one or both of two spatial uniformity tests are (Table 1, Martins et al., 2002). The MODIS aerosol cloud
classified as probably-clear. The ACM provides the results ofmask is not meant to identify clouds. It is meant to protect
each test. The goal of the ACM was to provide other GOES-an aerosol retrieval. Some pixels that are cloud-free, but still
R Algorithm Working Group algorithms useful information inappropriate for an aerosol retrieval may be labeled acciden-
on cloudiness and the flexibility to optimize the cloud mask tally as “cloud” in the mask. Such pixels are bright surfaces,
for their applications. In this paper, both clear and probably-especially snow and sun glint. In this exercise there is no
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SNOW

“ 10 km . - 10 km .

Fig. 4. Schematic of a MODIS aerosol algorithm nominal 10 km retrieval box over ocean, left, and land, right. In any given 10 km box there
could be both cloudy and cloud-free pixels identified, and over land a variety of surface features as well. Starting from 400 pixels at 0.5 km
resolution, represented by the small grid squares, 225 are identified as cloudy over ocean and 55 over land. The land algorithm also eliminate:
an additional 196 pixels due to inappropriate surface features. This leaves 175 “good” pixels over ocean and 149 over land. From these the
darkest and brightest pixels are arbitrarily eliminated, as described in the text, leaving 87 pixels from which to derive aerosol in the ocean
10 km box and 44 pixels in the land box.

Table 1. The four cloud masks mentioned in this study. Only the MODIS aerosol and GOES-R cloud masks undergo analysis.

Cloud mask Sensor Purpose Reference

Standard MODIS  Surface retrieval Ackerman et al. (1998); Frey et al. (2008)

Cloud optical properties MODIS  Cloud retrieval Platnick et al. (2003)

Aerosol MODIS  Aerosol retrieval Martins et al. (2002) and this work

GOES-R GOES-R  Cloud retrieval Heidinger and Straka (2010); Heidinger et al. (2012)

explicit masking of bright surfaces other than what is acci- cedures are applied. This means that there must be at least
dentally included in the MODIS aerosol cloud mask. 40 pixels (10 %) over land remaining after the cloud mask is
The Level 1-B reflectances are read in &0 0.5kmres-  applied and before the darkest 20 % and brightest 50 % are
olution, and the MODIS aerosol cloud mask is calculated ateliminated. In this study, we follow the land criteria and de-
this resolution. We create coarser resolution masks by determine that an aerosol retrieval would proceed if more than
grading the resolution of this original mask. If &6 0.5 km ~ 10 % of the pixels in the product box are cloud-free. Note
pixel is designated “cloudy” by the original mask, then that there are no further de-selection procedures applied and
all coarser masks that include that pixel are designated amo aerosol retrieval actually takes place. Table 2 shows ex-
“cloudy” as well. It takes only one single®x 0.5 km pixel amples of opportunities to produce ar 8km product under
to be cloudy to designate an entire degraded coarse resoliwo different cloudiness conditions withx11, 2x 2, 4 x 4,
tion pixel to be cloudy. In this way we are assuming a per-and 8x 8 km pixel resolutions. As those examples demon-
fect cloud mask that never makes mistakes as resolution bestrate, the higher the pixel resolution, the more opportunity
comes coarser, or as the view angle becomes more obliquéo retrieve aerosols in a partially cloudy scene. Note that the
For this exercise we define the aerosol product retrieval boxetrieval opportunity is not the same as cloud-free fraction.
to be 8x 8 km instead of the MODIS operational algorithm For instance, in Example 2 with 1 km pixel resolution, the
box size of 10x 10 km. This makes degradation to coarser cloud-free fraction is only 16 % but the aerosol retrieval op-
resolution easier. portunity is 100 %. Also, the retrieval opportunities in the
In the MODIS operational algorithm, the retrieval pro- examples of Table 2 are an upper bound; in an operational
ceeds whenever there are at least 10 pixels remaining oveetrieval, these could be far less because other criteria, such
ocean or 12 remaining over land after all de-selection pro-
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Table 2.Examples of different cloud configurations affecting retrieval opportunities ina®k8n product box. The last line denotes whether
or not an aerosol retrieval would be made for the 8 km retrieval box, given the requirement that at least 10 % of the pixels are “cloud-free”.

Example 1 Example 2

|| ]

Cloudy pixels (white) within a 8 km product box

Pixel size (km) Il 2x2 4x4 8x8 1x1 2x2 4x4 8x8
Total pixels in 8 km box 64 16 4 1 64 16 4 1

# cloudy pixels 7 5 3 1 54 14 4 1

# clear pixels 57 11 1 0 10 2 0 0

8 km product Yes Yes Yes No Yes Yes No No

as finding appropriate surface reflectance, etc., will have tc
be considered as well.

Therefore, using actual MODIS observations of real
scenes to form the cloud mask, we will ask how availability
of aerosol retrieval varies as a function of pixel size. Avail-
ability is defined as the number of 8 km product boxes avail-
able for aerosol retrieval divided by the total number of 8 km
boxes in the region or time period of interest. 100 % availabil-
ity is the situation when every box in the domain is available :
to report an aerosol retrieval. In this study, our general are¢ 1.,
of interest is the Northern Hemisphere of the Americas and
adjoining oceans, as shown in Fig. 5. We have also definegtig 5 The full study domain extends from the equator t6 BEand
five large subdomains including four quadrants of continen-from —13% to —13° W longitude. The full domain is divided into
tal United States and a large region of midlatitude Atlantic 5 subdomains: NW, NE, SW, SE and AO. The small red squares de-
Ocean (AO). The full domain, as designated in Fig. 5, en-note specific locations af k 1° of more intense analysis: Wyoming
compasses a larger area than the sum of the five subdomain@yY) in NW, New Mexico (NM) in SW, Virginia (VA) in SE, and
and therefore cannot be expected to represent the mean dfexico (ME) south of SW.
median of the individual subdomains.

In the following analysis, level 1-B MODIS reflectances
for the first week of every month from March 2009 through 65 %. This decreases to 33-58 % by degrading f01km
February 2010 are analyzed to provide a representative saniiXel resolution. At a 4< 4km pixel resolution, availability
ple of annual conditions. Seasonal statistics are calculatefas decreased further to 16-20 %. The rectangularly shaped
from three weeks of data, the first weeks of each of the threel x 4 km pixels, with pixel areas of 4 kfn provide slightly

months that define each of the four seasons. less availability than do the 2 2km pixels with the same
pixel area. These are shown in Fig. 6 slightly offset from the
5.2 Regional and seasonal availability 2 km pixel size at 2.25 km, only for plotting purposes.

There are seasonal and regional variations in availabil-
The calculated availability using the data and methodologyity. Fall, defined for the months of September, October and
described in Sect. 5.1 is displayed in Fig. 6 for the full do- November (SON), offers the highest percentage of availabil-
main and each regional subdomain as a function of instruity, and winter, defined as December, January and Febru-
ment pixel size for each season. In every case, the coarser tlay (DJF), offers the least availability. The MODIS aerosol
resolution the fewer the number of 8 km boxes available forcloud mask may conservatively label some cloud-free snow
an aerosol retrieval. For example, in summer, at a spatial rescovered pixels as “cloudy”. This would not produce adverse
olution of 0.5 x 0.5 km, availability ranges between 40 % and effects in the operational MODIS aerosol retrieval because
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Fig. 6. Calculated availability of an aerosol retrieval as a function of instrument pixel size for the full domain and subdomains defined in
Fig. 5, for the four seasons.

snow pixels have to be eliminated from the retrieval also.resolution degrades availability drops less quickly than for
Here, this factor may be contributing to the very low avail- the small, widespread clouds of the SW.
ability numbers of the northern tier subdomains in winter. Table 3 lists all calculated availabilities for each domain,
Regionally, the southwest subdomain (SW) offers theseason and spatial resolution. The seasonal and regional anal-
highest availability of any of the domains at 0.5km pixel ysis shows that an instrument with 4 km resolution generally
resolution, but does not necessarily provide the highest availean make less than half of the retrievals that a 0.5 km resolu-
ability as spatial resolution degrades. For example, in Fall, bytion instrument can make, over the course of a season.
8 km spatial resolution the SE and NE domains offer higher
availability than does the SW. Differences in cloud type and5.3 Differences between nadir and oblique angles
morphology from region to region explain how this happens.
Clouds in the SW tend to be small but widespread. At fineAll of the above analysis using MODIS data ignored the fact
resolution, most product boxes are sparsely populated byhat MODIS pixel size varies with sensor view angle. The
clouds and retrievals are possible. However, as resolution denative pixel resolution of & x 0.5 km is nominal and applies
grades almost every 8 km pixel contains a small cloud and isaccurately only to nadir views. As the sensor scans out from
therefore designated cloudy. Availability drops. In contrast, nadir, the actual resolution of the nominab®& 0.5 km pixel
clouds in the SE and NE are larger but clustered. At fine resdegrades. At the edge of the swath the pixel size is 2km. The
olution more product boxes in the SE and NE are affected byMODIS aerosol algorithm ignores the degradation of reso-
the large clouds making retrievals less likely overall. How- lution with view angle, choosing to continue to group pix-
ever, the clear regions are particularly cloud-free, so that agls into retrieval boxes of 20 20 pixels, as shown in Fig. 4.
Thus, the MODIS retrieval box is actually 40 km at the swath
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Table 3. Calculated availabilities using MODIS aerosol cloud mask with MODIS input radiances for five spatial resolutions, four seasons,
and six domains including the full domain described in Sect. 5.1. Also shown are cloud fractions basgc rb&m resolution cloud
mask for each domain and season.

05x05km 1x1km 2x2km 1x4km 4x4km 8x8km Cloud- fraction
Winter (DJF)

Full 0.34 0.26 0.20 0.18 0.13 0.06 0.81
AO 0.19 0.11 0.07 0.06 0.04 0.01 0.93
NE 0.07 0.05 0.04 0.03 0.02 0.01 0.96
NW 0.10 0.07 0.05 0.04 0.02 0.01 0.95
SE 0.28 0.24 0.20 0.19 0.14 0.05 0.81
SwW 0.38 0.31 0.23 0.20 0.12 0.04 0.78
Spring (MAM)
Full 0.38 0.30 0.23 0.21 0.15 0.07 0.79
AO 0.44 0.36 0.31 0.29 0.24 0.16 0.72
NE 0.28 0.23 0.18 0.17 0.11 0.04 0.83
NW 0.25 0.19 0.13 0.12 0.07 0.02 0.88
SE 055 0.49 0.41 0.39 0.28 0.11 0.61
SW  0.60 0.51 0.39 0.36 0.23 0.07 0.63
Summer (JJA)
Full  0.43 0.34 0.26 0.24 0.17 0.07 0.76
AO 0.50 0.40 0.32 0.29 0.21 0.10 0.72
NE 0.40 0.31 0.24 0.22 0.16 0.07 0.77
NW 0.53 0.44 0.35 0.32 0.21 0.06 0.69
SE 051 0.40 0.32 0.30 0.21 0.07 0.70
SW  0.65 0.54 0.40 0.36 0.21 0.06 0.63
Fall (SON)
Full  0.43 0.33 0.26 0.24 0.17 0.07 0.76
AO 0.39 0.30 0.24 0.21 0.16 0.08 0.79
NE 0.43 0.38 0.33 0.32 0.25 0.13 0.69
NW  0.53 0.45 0.36 0.32 0.21 0.06 0.67
SE  0.60 0.54 0.48 0.46 0.36 0.17 0.55
SwW 0.72 0.61 0.46 0.42 0.26 0.08 0.57

Numbers are fractions. AO = Atlantic Ocean, NE = Northeast, NW = Northwest, SE = Southeast, SW = Southwest.

edge. In this analysis, we also ignored the degradation, styas the highest availability, but it decreases more sharply as
that the nominal & 8 km resolution pixel defined at nadiris nominal pixel resolution is degraded.
actually 32x 32 km at swath edge. All values of availability In the over land cases, there is equal or higher availabil-
and cloud fraction presented in Fig. 6 and Table 3 are mix-ity at nadir than at oblique angles. At oblique angles satellite
tures of nadir and oblique angles, defined by pixel resolutionviews of clouds will include cloud sides as well as cloud tops,
at nadir, but consisting of an actual range of pixel sizes spanartificially increasing cloud fraction and decreasing availabil-
ning nadir values to 4 times nadir values. ity of making an aerosol retrieval. In this data set the dif-
To investigate the effect of pixel resolution degradation ference in availability between nadir and oblique angles is
across the MODIS swath on aerosol retrieval availability, wegreater in the west than in the east, to the point that in the
divided the data into nadir views where sensor view angle isNE the two views are essentially the same, and both angular
within 20° of nadir, and oblique views where sensor view an- subsets have higher availability than the values for spring NE
gle is greater than 30Note that the full MODIS swath spans given in Table 3. There is no readily apparent explanation for
view anglest65°. The results of this exercise are presentedthis east—west difference other than that by subdividing the
in Fig. 7 and Table 4 for the spring season. original sample into view angle categories we have signifi-
The general trends identified using all view angles are thecantly reduced the statistics in each category and introduced
same when sorting into nadir and oblique angles. Both viewsampling biases. The ocean subdomain differs substantially
angle subsets decrease availability as nominal pixel resoluwith the land, showing less cloud fraction and higher avail-
tion degrades, and the rates of decrease (the slopes in Fig. @pility at oblique angles than at nadir. This can be traced to
are similar within each subdomain. The northern tier subdo-glint, which can be accidentally tagged by the MODIS cloud
mains have the lowest availabilities, and the SW subdomaimmask as a cloud, and which occurs in the MODIS swath only
at near-nadir view angles.
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Fig. 7. Calculated availability of aerosol retrieval as a function of instrument pixel size for the full domain and subdomains defined in Fig. 5,
for the spring season, and separated into oblique angles with sensor view angle greate? {saticblines) and nadir angles with sensor
view less than 20 (dashed lines). The six domains analyzed are presented in two panels for visual clarity.

Table 4. Seasonal mean aerosol retrieval availabilities and cloud fraction for the full domain and subdomains during spring (MAM), divided
into nadir views (sensor view angle20°) and oblique views (sensor view angle0°). Cloud fraction is for the native nominal resolution
of MODIS, 0.5 x 0.5 km at nadir.

05x05km 1x1km 2x2km 4x4km 8x8km Cloud- fraction

nadir
Full 0.42 0.33 0.26 0.17 0.08 0.76
AO 042 0.34 0.29 0.22 0.15 0.74
NE 0.33 0.27 0.22 0.13 0.05 0.80
NW  0.30 0.24 0.18 0.10 0.02 0.84
SE 0.56 0.51 0.44 0.31 0.11 0.59
SW 0.65 0.57 0.46 0.27 0.08 0.58

oblique
Full  0.38 0.30 0.23 0.15 0.07 0.75
AO  0.47 0.40 0.35 0.29 0.21 0.67
NE 0.32 0.26 0.21 0.13 0.05 0.81
NW 0.18 0.12 0.08 0.03 0.01 0.93
SE 0.55 0.49 0.41 0.27 0.11 0.62
SW 0.53 0.43 0.31 0.17 0.05 0.71

5.4 Regional availability on a single day with the season. This could in part be due to glint, which

artificially increases cloud fraction in the MODIS aerosol
Not all applications will be satisfied in obtaining aerosol ¢loud mask. On 12 August 2010, the ocean subdomain of-
statistics on a seasonal basis only. Some applications will refers the least number of aerosol retrievals, at best approxi-
quire aerosol retrievals to be available within the region onmately 35% at 0.5km resolution, falling to less than 10 %
a single day. Air quality forecasting and aerosol assimilationPy 4 km resolution. The southwest subdomain (SW) offers
are such examples. To explore the availability in the five subthe highest aerosol retrieval availability, over 80 % at 0.5 km
domains and the full domain of Fig. 5, we calculate the avail-resolution and still 30 % at 4 km resolution. Note, except for
ability for a randomly selected day, 12 August 2010. The left unintentional inclusions of bright surfaces in the cloud mask,
panel of Fig. 8 shows the resullts. the availability calculation considers only cloudiness in its
There is greater spread of results from subdomain to subdecision. The actual MODIS algorithm must also explicitly

domain for one day in August, as compared with the summegonsider surface brightness, causing there to be far fewer re-
panel of Fig. 6. Other differences include the low availability trievals in the SW from the operational MODIS algorithm
for the Atlantic Ocean domain for the one day, as comparedhan is suggested by Fig. 8. Overall, degrading resolution

Atmos. Meas. Tech., 5, 182384Q 2012 www.atmos-meas-tech.net/5/1823/2012/



L. A. Remer et al.: Retrieving aerosol in a cloudy environment 1833

. ——Full S 1 degree ——\A
08 % Regional | ——p0 0.8 V. localareas |
o ) domans |---NE w 4 M
LY
L= . L -=-NM
m m
& & T —=-MX
c C h
L2 2 04 g
i o N
g g \ s
— e F . ay 2
0.2 \x = -
S
2
SIS (Y AR e |
pixel resolution {km) pixel resolution {km}

Fig. 8. (left) Aerosol retrieval availability for 12 August 2010 for the full domain and five subdomains defined by Fig. 5, and (right) for the
four 1-degree squares representing local areas, as defined in Fig. 9.

v

from 0.5km to 4km causes a greater loss in the possible '
retrievals in almost every subdomain on that particular day %
than was evident in the seasonal analysis. In some cases, ik

other domains, the availability at 4 km remains above 25 %.
However, at 8 km resolution, almost all domains are reduced
to 10 % of their potential retrievals on this day.

5.5 Local availability on a single day

Calculations of aerosol retrieval availability over broad do-

mains may be insufficient for applications that focus on a
particular local area. For example, local air quality moni-
toring and field experiment support require information on
a much smaller scale than addressed above. To investigat

local availability on a smglg day we again choose 12 AuQUStFig. 9. Terra MODIS true color imagery of four local areas on 12
2010 as a random day of interest and focus on four local reaygust 2010. The red box in each image represents a 1-degree
gions indicated by the red dots in Fig. 5. Each dot representgquare used to define a local region in the analysis. The four re-
a 1-degree square chosen for a variety of cloud conditions ogions are Virginia (VA), Wyoming (WY), New Mexico (NM) and
this particular day. The four regions are shown using Terra-Mexico (MX).
MODIS imagery in Fig. 9.

The availability was calculated for these local 1-degree
squares on 12 August 2010 using the MODIS Level 1-B dataclouds identified by the MODIS aerosol cloud mask to de-
much the same as was done for the larger domains. The rigiirease retrieval availability as spatial resolution degrades.
panel of Fig. 8 shows the results and Table 5 gives the resultRemember, it only takes one cloudy 0.5km pixel out of 64
numerically. The very cloudy local areas of Virginia (VA) o label a 4km pixel as “cloudy”. By 4 km the availability at
and Mexico (MX) barely offer any opportunity for retrieval. WY and NM are 26 % and 41 %, respectively. At 8km res-
However, it is surprising that at 0.5 km the availability at VA olution, all four local areas offer less than 10 % availability.
is still 21 %. This opportunity for retrieval is closely tied to Even though WY and NM appear “cloud-free”, the MODIS
the 0.5 km resolution and essentially disappears even at 1 knerosol cloud mask is labeling pixels as “cloudy”.
The Wyoming (WY) and New Mexico (NM) local areas are
seen with a minimal amount of scattered small clouds. This
situation permits over 80 % availability at 0.5km and 1 km
resolution. However, even though many clouds are not vis-
ible in the images, there are sufficient randomly distributed
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Fig. 10. Diurnal patterns of aerosol retrieval availability on 12 August 2010 for four different spatial resolutions for four subdomains,
Northwest (NW), Atlantic Ocean (AO), Southwest (SW) and Southeast (SE), defined in Fig. 5. The availability was calculated using the
GOES-R cloud mask applied to one day of GOES radiances archived at 5-min temporal resolution. The black arrows indicate time of Terra
overpass. The £ 1 km is denoted by small brown circles that are almost exactly overlaid ontostizk2n orange curve.

6 Aerosol product availability from a geosynchronous Even if a situation is too cloudy for an aerosol retrieval
satellite at the time of a polar orbiter's overpass, perhaps opportu-

B . nity will open at other times during the day and the geosyn-
A polar